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An Update 5
of the Ganada/U.S.A. Augmentor-Wing Project

by
0. C. Whittley
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1.0 INTRODUCTION

According to the published guidelines "1t is intended that this symposwum bring together the practioners ofvaq us applications ]
ot boundary fayer controf with those :uterested «n the undertying fluid mechanics for the purpose of mutual learning” «¥This paper )
presents some views of a practitioner from the perspective of powered lift in which a substantial proportinn of engine thrust is davoted to :
augmentation of wing hft. As such, control of the boundary layer takes place in rather a macroscopic way due largely to entrainment of L
secondary flow into a powerful jet or jet sheet,

The Augmentor-Wing powered lift conceit has been the subject of investigation jointly by Canada and the United States since the .
late sixties. Following extensive tests of a half scale model in the NASA, Ames 40’ » 80" wind tunnel, a decision was made to design and l
buitd a minimum cost flight derronstrator based on the de Havilland Buffalo airframe.tFtgare-H2 This techrology demonstrator aircraft
first flew tn 1972 and subsequently underwent trials at NASA) AmesJ accumulating a total of 850 flying hours, ——~

Fallowing comp.etion of the NASA trials in 1980, work has continued in Canada covering four main areas of interest T

u,
¢ additional flight trials on the technology demonstrator aircraft, _ K
< propulsion system development , Cl i
{ experimental investigation of a new compound supercritical airfoil, 0¢3 ' !

£ project definition studies. , X
The paper touches briefly on t&ﬂmrrmﬁxpandmg more $o in areas likely to be of interest to the Fluid Dynamics Panel -

20  DESCRIPTION

\ *
A powered hft STOL transp~rt differs from one which relies solely on passive lift (such as the de Havilland Dash 7) in four funda i
mental ways, all of which relate to steep gradient approach at low speed: .
(1) Power for approach 1s set at 50 to 60% of maxiinum thrust available as compared to idle approach power with a passive flap
(2) Forward components of thrust are nullified {by vectoring, by variable pitch fan or by hucket type reversers) to achieve a steep '
gradient approach. o
¥
(3} Restoration of forward thrust {e.g. by vectoring) becomes an essential part of the wave-off manoeuvre. La;
' '..h
(4)  Alarge imbalance in roll is likely to occur in the event of engine failure. "V,
<
Wave-off following engine failure represents a particularly difficult combination (Figure 2). ::
Generally, 1n the case of External Blown Flap (EBF) or Upper Surface 8low.ng {USB), integration of engine thrust and flap ' ';"
serves both to augment winy hift by supercirculation and to vector thrust for steep gradieni approach. However, since the entire thrust of L.,.
the engine 1s devoted to flap blowing, it follows that the flap must be partially retracted to re vector u.:ust for wave off and a substantial -~
transient toss of wing lift 1s unavoidable. Again, wave-off wich one engine failed is difficult, especially in combination with a large roll :‘
imbalance: n the case of the YC-14, fiap retraction on the "live wing" is necessary to achieve roll balance causin a further lift loss Such T
issues are important when considering the airworthiness of powered lift aircraft.
The Augmentor-Wing internally blown system attends to some of tnese issues by having separate contro! over the prenulsive and :: :
blowing components of thrust and by introducing cross-ducting to eliminate roll upset in the event of engine failure. Thus, at constant -
engine speed, hift of the blown flap may be considered as equivalent to that of a passive flap, whereas thrust vectoring (or V.P fan) can be '._
used to modulate forward thrust in lieu of the throttle. Hence the characteristics and mode of flight car be related o the conventional
and thereby correlated directly with existing airworthiness rules. e
e
The Augmentor-Wing concept is comprise< of four elements in all: R
.
- A propuision/blowing engine (Figure 3) which delivers about one third of total thrust for wing tift augmentation.
- An effecient ejector flap {Figure 4) which generates high lift by supercirculation and which serves also to augment nozzle thrust "”
Thus, in combination with thrust recover y, thrust margin for takeoff is substantially increased (this being especially important -~

far elimh.ant with ane engine inoperative). ‘2
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- Ducting which supplies blowing air to the wing to mantain roll balance in the event of engine failure and to enhance control
power at low flight speeds by means of the augmentor choke (Figure 5).

- A thick supercritical compound airfoil otherwise known as a cruise augmentor flap (Figure 6).
3.0 FLIGHT TRIALS

Farly in 1980, a team from the National Aeronautical Establishment assumed operat.onal control of the Buffalo,/Spey research
aircraft at NASA, Ames and in 1981 flew the aircraft to thewr own laboratory located in Ottawa. A niew central data computer was in
stalled by NAE to replace the Sperry STOLAND unit which had been retained by NASA for other use.

The new computer unit restored the longitudinal SAS, the speed hoid system and the controls integration capabiiity. In broad
terms, speed hold is achieved by mudulation of (Pegasus type) nozzie angle whereas ghide path tracking can be improved by controls inte-
gration, such as throttie into choke or pitch attitude into choke with a transient wash-out. lmportant handling qualities experiments
wen  arried out in Canada but are considered outside the direct interest of the Fluid Dynamics Panel.

Following check-flights by NAE in the summer of 1982, the aircraft was handed over to de Hawilland for further evaluation. Two
series of tests each of 2 % months duration have taken place at Canadian Forces Base, Mountain View, Ontario. Some of this work is re-
viewed in Reference 1. Three subjects have buen selected 1or comment, one relating to powered lift stalling charactenistics, another to the
maximum effort takeoff performance with vectored thrust and a third to no-flare landing techniques.

3.1 Powered Lift Stall

Suction generated by the augmentor flap serves to establish a spanwise line of low pressure at about 60% of the chord. This acts
as a powerful means to prevent flow separation in a macroscopsc fashion since an entire layer of upper surface flow s accelerated and
ingested by the ejector. Half scale model tests in the NASA Ames 40’ x 80" wind tunnel showed that onset of stall occurs at the wing/
fuselage junction at about L= 20° and is vonfined to that general region well beyond peak lift at an angle of attack in excess of 30°,
The model was equipped with a blowing siut across the upper surface of the fuselage located at about 10% chord. this was designed to
suppress flow separation at the wing root and encourage hft “carry-over”. In the wind tunnel,tests were conducted with and w ithout
body blowing on both straight and swept wings. Results were as follows:

® On the straight wing at high C,, body blowing gave a small increase in lift for &> 20°, a smali increase in CL of order 0.3
and generally a smoother hft curve at highcL . The wing and body was tufted liberally. ata yaw angle of ™2* 10° (say) and
body blowing off, the tufts became quite agitated whereas with body blowing, the tufts remained smooth generally over the
whole model.

® On the swept wing, body blowing was shown to have no effect. Lift curves were smooth to highot, and the lift peak was quite
flat: maximum lift was slightly greater for the swept wing at the same level of blowing coefficient.

To minimize risk, it was decided that body blowing {accounting for 7% of the blowing flow available) would be fitted to the re-
search aircraft, Mf, as suspected, the benefit 1s indeed quite small, it follows that this flow could be put to better use in a future design.
Thus it became important to determine the effect of body biowing by flight test. Accordingiy, modifications were made to remove this
flow frum the fuselage and discharge it through a plain propulsion nozzle at the rear. Stalls and stead ; sideslips were performed both
with and without body blowing. At a weight of about 43,000 Ib., tests were conducted at 8000 to 10,000 ft. with flaps 659, nozzle
angle 80° und engines at 94% rpm. Mimimum speed occurred at 43 to 45 kt. depending upon weight. In the same configuration, steady
sidestips were performed at 65 kt. to a maximum of 15° it was found that remuvzl of body blowing had no discernibie effect on
stalling speed or handling qualities in steady sideslip.

3.2  MAXIMUM EFFORT TAKEOFF

Flight trials at NASA Ames focussed upon glide path tracking for a s.eep gradient 7%° STOL approach followed by flare and
touchdown so that the effect of thrust vectoring on takeoff pet formance remained enexplored. Tests were planned to determine the
optimum combination of flap and vector angle to minimize takeoff ground roll.

Standard takeoft flap 15 20° with a thrust vector angle of 6°. ground roll is in the order of 750 ft. and distance to 50 ft is about
1250 ft. It was found that flap 40° with nozzies at 36° gave a minimum ground roll of 350 ft. to lift-off and about 850 ft. at the 50 ft
screen height. in this iatter case, speed at the start of rotation was 50 kt. EAS, Lift-off speed was 53 kt. EAS with a peak rotation rate of
nine degrees/second. Figure 7 presents 2 time history of this particular takeoff.

3.3 LANDING

Performance and technique for landing without flare were explored in the Canadian trials. At W = 40,000 Ib, flaps 70° and
nozzles at 602, it was possible to capture a 4% glide slope at = 6° giving a slight nose up attitude for nose whecl clearance at touchdown:

the corresponding cLapp =3.9,

For a given wing loading, approach speed is a good indicator of the degree of powered lift. It is of interest to determirie the levels
of blowing thrust loading (TB/g) and blowing thrust to weight ratio {TB/yy) for the above case and then to extrapolate to a value of wing
loading more in keeping with an advanced tactical transport while holding wing area and blowing coeffiient constant, at 865 sq.ft. and
0.59 respectively.

in the table below, line onu telates to the experimental flight case, line two to a transformation of the research aircraft in which
Lt coefficient 15 adjusted to account for changes in wing yeometry and removal of body blowing, and line three to an ncrease in weight
to raise (or to increase) wing loading to 90 Ib./sq.ft. as for a typical advanced STOL transport. 1t car be scen that for W/S=90, an approach
speed of 78 kt. requires that TB/W = 0.136 and TB/S = 12.23. The former ratio piovides some measure of powered lift efficiency whereas
the latter, the relative ease of duct accommodation in the wing.
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DESCRIPTION AR| 1tk Wb, Vi okt T8B/g TBly

1 Experimental Case 7.2 ] 0.16 40,000 60 717 .155

2 New wing less body 12 | 0.21 | 45,600 60 AL 136
blowing

3 Increase in weight 12 | 0.1 72,850 78 12.23 136

4.0 PROPULSION

Cantrol of boundary layer for high iift 1s generaily achieved not by suction but by blowing for wing flaps, for leading edge de
vices or for controi surfaces. Even for suppiementary purposes, the quantity of flow is generally such that it cannot be removed from the
HP compressor without a significant loss in evgine performance {especially for hugh bypass ratio). Thus it becomes edvantageous to con
sider an engine having an oversize intermediate compressor to ~nerate a4 blowing source at a pressure ratio of about three.

For high iift systems such as jet fiap {requiring a sigruficant groportion of total thrust) it is possible to separate the hot and cold
streams of a low bypass engine as was done for the Buffalo,Spey research aircraft. This procedure may find application for a high per
tormance powered hift fighter awrcraft but is less well suited for transport type aircraft on account of high noise level and poor fuel con
sumption at low altitude. Again, the need arises for a hugh bypass engine which generates blowing air as part of the basic engine cycle.

To meet the need, Rolls-Royce has proposed the RB419 series of propulsion/blowing engines. Furthermore, it has been shown
possible to synthes:ze one such engine using existing comporents with the Spey 202 as core, the TF 41 fan as intermediate compressor
and the Dowty/Rotoi variable pitch fan as a single stage LP compressor. This engine, known as the RB419 03, generates three streams-

(1) low pressure bypass stream
(2) intermediate pressure blowing stream
(3} residual hot core streaim.

Tabwiated data for the RB419 are given bhelow,whereas Figure 8 shows the variation of non blowing thrust versus blowing thrust.
growth potential is of the order 20% based on uprating of the core.

The engine provides separate thrust for propulsion and blowiing with the ability to modulate the propulsive or forward thrust
while maintaining constant blow, as described earhier. . the overall, it does appear that the propulsion/blowing engine will become the
genenic type for powered Lift transport aircraft just as the vectored ;hrust Pegasus engine has become for comkbat aircraft.

Cruise
Parameter Tg:\e::; 36,000 ft
Mach 0.7
RB419-03 LEADING PARTICULARS Thruzt (ib) 18,200 3,930
Sfe (b/hr/Ib) 0.425 0.700
Mass flow {Ib/sec) 671 280
Qverall pressure ratio 18.4 21.7
Blowing mass flow {Ib/sec) 147 59
Blowing pressure ratio 2.5 3.8

50  THE CRUISE AUGMENTOR FLAP

The cruise augmentor flap 1s a supercritical compound section desianed to o perate at high subsonic speed with ejector blowing.
Interest 1n the configuration arose from a desire to simplify the Augmentor Wing STOL concept by eliminating the need both to divert
biowing flow and close down the flap elemeants for cruise while, at the same time, to gain some aerodynamic advantage. In particular, it
was thought that drag rise Mach number could be delayed by achievement of aft loading on the upper shroud (by virtue of the powerful
mid-chord control of boundary layer) and that propuision efficiency could be improved on account of boundary layer ingestion by the
ejector itself, Also it was thought that the compound section would operate satisfactorily for quite large values of thickness/chord {say
20% or more) and provide an improvement in buffet boundary due to blowing (jet flap effect). Recovery of pressure toward the trailing
edge of the upper surface {(with consequent thickening of the boundary layer) is of special concern in the design of supercritical airroils
{Figure 6). This concern is alleviated somewhat for the compound section in that recovery takes place in two stages, first to the ejector
throat where pressure is substantially less than that at the trailing edge and secondly within the ejector itself where the remaining pressure
rise takes place in a controlled manner, A family of compound aiifoils is shown in Figure 9.

Experimental work was undertaken,both 2-D (NAE 5° » 5’ tunnel) and 3-D (NASA, Ames 11’ x 11’ tunnel),on an 18% t/,, section.
Test results confirmed the expectations listed above and provided further understanding as follows:

® The compound airfoil operates well with or without blowing.

@ The section is very tolerant to off-design operation having a very flat Cp vs C_characteristic.

@ Tight control of the boundary layer at mid-chord ameliorates drag creep with Mach number as MD is approached.

® Pressures on the shroud upper surface remain essentially coustant throughout the & range,t! us shroud shape can be determined to
satisfy requirements at the design point with no fear of flow separation or shock wave forms tion at higher ot . Similarly in the

region of drag rise, shock waves form first on the main body, not on wne shroud.

@ A thickness increase from 0.18 to 0.24 resulted in essentially no drag penalty {at the corresponding design point and helow drag
rise).
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@ Leading edge devices are not needed at low speed/high 1ift on account of the large leading edge radius of these thick sections.

Based on in-house test data, some compatisons are presented between a 16% (,’c plain supercritical airfoil and the compound sec
tion at 18% and 24% /.

5.1 BUFFET BOUNDARY

Wing bufiet was found to correlate well with “drag break”, The latter was more readily available and could be defined more pre
cisely and was therefore taken as the himit of useable hft. Figure 10 shows a substantial advantage for the 18% /', com.pound section as
compared to the 16% plain foil. The flight boundary improves further with ejector blowing.

Taking M = 0.66 as the design speed for the 24% t/, section, it displays an advantage of ACL = 0.15 as compared t3 the corres
ponding compound foil at 18% t/¢.

52 DRAG

interest surrounds level of drag and the point of drag rise. Drag creep chaiacteristics of the plain and compound sections differ
substantiaily so that conventional methods for defining drag rise Mach number o.. of little value, therefore comparisons have been made
on the basis of drag level at the cruise design point which is more meaningfuy in any event.

Both 2-D and 3-D test data are available in-house for awrfoils with Cy_ (design; « (.35 whereas for C\_\design) = 0.6, only 2 D
data exist. The variation of design Mach number with thickness was taken as follows:

Thickness/chord ratio 0.16 0.18 0.24
Design Mach number 0.725 0.70 0.66

5.2.1 Two-Dimensional Test Data

The NAE 5 x & wind tunnel s equipped with wall inserts to form a two dimensional work.ng section for testing at high subsonic
speed. Typically, the model Reynolds number is about 20 x 106,

On the left, Figure 11 shows the vanation in drag at C_ = 0.6 for three foils with the corresponding design Mar number shown
for each, At low Mach number without blowng, the compound scctions exhibit a higher level of drag (compared to a conventional foit)
but show iess drag creep at hugh Mach number. At the respective cruise design points, the drag level of all three airfoils is essentially the
same. this point is examined n more detai in Figure 12 where drag {at design point) is plotied versus thickness/chord ratio. 1t 's shown
that increase 1n drag with thickness is very small ior the compound section which implies that the boundary layer has been controlied
effectively even at 24% e

Blowing has been shown to reduce efiective drag where Cpy " = +C; (nozzle) and Cj (nozzle) = measured nozzle
static thrust {shrouds off) + qS, €
for example, Figure 11 shows that the skin friction penalty of the compound foil is partially offset in tlie mid Mach number range,

whereas for M < C.5, a net benefit results.

CDmeasured

Figure 13 ilustrates the oft-design tolerance oi the 24% t,;, compound section. Although designed for M = 0.6€ and C;_ = 0.6,
drag increase 1s very smali even at C) = 0.75/0.80. On a typaa! aircraft of aspect ratio 12,this e-juates to a ciuise L/D correspondingly
higher by about 10%.

5.2.2 Tluee-Dimensivial Tests

Test wata were available for a reflection plane model having a compound saction (18% t, root to tip) and a full span model having
a conventional sectin {16% t/ at the root, 13% t/; at the tip). Design lift coetficient in each case was 0.35.
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Equivalent profile drag (or the 3-D tests was obtained in the usual mannet by subtracting the “ideal” level of lift dependent drag
(CL2/ 7 A) trom balance drag. This provedure tesults in « ievel of profile drag somewhat higher than the true 2 D value. On the right of
Figure 12 1t 15 again shown that drag of plain and compound fouls are coraparable at the design point. The figure illustrates once more the
off-design tolerance of the compound section with the attendant oppurtunity to cruise at higher Cl_ for improved L/D.

LR

6.0 PROJECT STUDIES

A substantial experimenial data base has be’ n #,tublished as a result of the joint Canada/USA powered lift research program.
De Havittand 15 currently under contract o the Canadian government {Department of Industry, Tiade and Con.merce) to conduct appli
cation studtes and to carry wut additional experiments. In particular, project studies have been undertaken on a powered lift STOL trans
port and a sea based support type aircraft capable of short takeoff and vertical landing.

6.1 POWERED LIFT STOL TRANSPORT

Consideration has been given to transport aircraft powered by .wo, thret and four RB419 propulsion/Liowing engires. A compre
hensive parametric/trade-off study has been undertaken on the twin 2ngined variant encompassing a range of wing aspect ratio {8, 10, 12),
section thickness/chord ratio (0.18, 0.21, 0.24) and wing sweep (0%, 20°, 27.5°).

De.ails of the bazis for the study are quite compiex and not discussed here excepu to point out that each combination of wing
sweep and thickness;chord rativ was e «<plorec over a range of wing loading so that aircraft were derived cuvering a wide spectrum of STOL
capability.
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it 1s postuiated that a military transport of this kind would serve a dual purpose. «n time of peace for routine transport duties
and i time of emergency n a tactical role for supply inwo a remote site or hattle damraged runway (Figure 14). In drawing up a trans
port acraft specification, the director of operational requirements is generally aware that some peralty would result .f fie'd performance
demands were too stringent or cruise speed set too high, therefore he requires trade-off data in order to make a sensible compromise. For
exampie, he may wish to trade transport {uel efficiency in routine duty aganst field performance at the mid point of the tactical supply
mission. Figures 15 and 16 show the form of such a trade-off for the twin-engined variant of aspect ratio ten.

Payload-range for the strategic supply mission s deterimined by an interactive procedure. Each aircraft has payload equal to 25%
of design gross weight and wing area derived first® cuch that fuel capacity of the wing equals the fuel required for the mission and then
exceeds it by 10%, 20% and 30% increments. Each such arcraft (s then exercised «n the radius mission and STOL performance is deter
muned on arnival and departure at the mid-point. In Figure 15, payload miles per pound of fuel for the strategic supply mission is
plotted vuisus takeoff ground roil at the mid point of the tactical mission. Figure 16 shows a cross plot at a ground rol! of 900 ft. to
illustrate the trade-off of fuel efficiency against cruise speed. Observations are as {ollows:

@ Achoice of 900, 1100 ft, as takeoff ground roii ncuss a relatwely moderate penalty in fuel efficiency for regular transport duty
(Figure 15).

@ This degree of STOL performance at the mid-point s compatible with takeoff field size of about 8000 ft. at DGW for regular
transport duty and is therefore well matched for the dual role.

® Figure 16 shows that choice of a lower cruise speed provides a clear advantage in fuel efficiency.

@ For a given cruise speed, the choice of a thick wing in combination with some degree of sweep angle provides for greater fuel ca
pacity and thereby the ability to exchange payload for greater range.

@ Thick wing sections make possible the low speed,high fuel efficient option by providing for necessary fuel capacity without
unduly large wing area.

The parametric study data base has been used to predict the performance of various point designs. in particular consideration has
been given to a twin-engine, powered lift version of the C 130 Hercules (Figure 17). For the same payload-range, this powered lift variant
would reduce ground roll by 50% or more, increase cruise speed by 100 kt. and display a much smaller radar signature.

Proptan technology has the potential for improvement in specific fuel consumption. In Ref. 2, Coplin has suggested a hybrid
engine described as a turbofan-prop which combines .urbofan and propfan propulsion. in fact, it is a three stream engine similar to the
RB419. This leads to the possibility of a propuision,blowing engine with propfan and an energy efficient powered lift STOL transport

of the future as shown in Figure 18. Power 1o the propetler would be substantially less than for the conventional propfan and therefore
gearbox development presents less of a problem.

6.2 POWERED LIFT STOVL SUPPORT AIRCRAFT

T Augmeniur-Wing concept iends itself readily tu a twin engine layout capable of vertical landing such as might be r>quired for
sea based operatio « in AEW & ASW roles. The developments in thick supercritical sections permit containment of ducting in the wing
for erector biowing and for engine-out balance. Two layouts are depicted, one based on the Pegasus engine (Figure 19) the other on the
- projected RB419 engine (Figure 20). The excellent buffet boundary characteristics of thick wing make it well suited for AEW surveil
lance at high altitude.
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* Ttus first case 1s the one having maximum transport capacity (PR) but no fiexibility to exchange payload for fuel and thereby
extend range (without addition of external tanks).
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